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CHAPTER 8 
REPRESENTATIVE TEST EXAMPLES 
This chapter is devoted to presenting a set of representative test problems. Each problem requires 
different model capabilities to provide a severe test of model performance. These test problems 
require the user to supply his own subroutine(s) uch as the starting field, the sound-speed profile, 
and the surface as well as the bottom boundary condition. These problems deal strongly with the 
model's capability of treating range-dependent vironments including interface conditions, wide 
angles of propagation and boundary conditions of the mixed type. The very first problem is 
specially chosen to test the accuracy of the model and has no real physical significance for ocean 
acoustics. 
8.1. BURGERS' EQUATION 
As a test for accuracy, the implicit finite difference (IFD) model was used to solve Burgers' (see 
Byrne et aL [1]) kinetics-diffusion parabolic partial differential equation for which an exact solution 
is known. Burgers' equation is 
u,=vu,~,-uux,  O~<x~<l, t>~O, 
where the subscripts denote partial derivatives. An exact solution for Burgers' equation is 
u(x, t) -- (1 + exp((x/2 v) - (t[4 v))) -I . 
Substituting r for t and z for x and rewriting Burgers' equation in the general form of the standard 
parabolic equation (PE), we have 
u, = ( -u~)u  + vuzz, 
where 
#Co(n 2-  l) 
(-u~)=a(ko, r,z)~ 
2 
v =b(ko, r,z)-~ 
Substituting r and z into the exact solution, we have 
i 
2k0" 
The initial starting field and surface and bottom boundary conditions are then determined as 
follows. 
Initial starting field: 
~o 
u(z , r )=( l  + exp IT  ( -2  z + r ) ] )  -| . 
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Surface condition: 
u(O, r) --- [l + e,p (~)  ]-'. 
Bottom condition: 
( ])-' u (Zm~, r) ffi 1 + exp (-- 2 z . , ,  + r . 
Partial differentiation of u with respect to z gives 
(2 z - r~ 
Ou = exp \ ~ }  ffi/k2 ° [ (2z-rim -u'=---O'zz 2v l+exp\  4v ) j  
where 
n2 ~ (Co~ 2 ' 
co is the reference sound speed and c~ is the speed of sound at depth z. Using definitions n 2 = (Co/Cl) 2, 
ko ffi2nf/co and the identity -u ,  ffi iko(n 2 -  1)/2, we can solve for c,. We find 
C i ~ C 0 ~ l + COS/~-0f (z~ - -  0.5 r ) ) "  
Because of the constraints placed on the solution of Burgers' equation, this example has no real 
significance other than to test the accuracy of the IFD model. One other important feature of this 
test example is that it requires the user to supply subroutines UFIELD, USVP, BCON and SCON. 
A "comparison of the IF'I) and exact solutions at approximately 7m in range is shown in Table 
8.1. 
Table 8.1. Comparison of IFD and exact solutions 
1 Z0) U0) 
10 0.10 (0A9999 E + 00 - 0.43163 E + 00) IFD 
(0.~000 E + 00 - 0.43165 E + 00) EXACT 
20 0.20 (0A9998 E + 00 - 0.41366 E + 00) 1FD 
(0.~000 E + 00 - 0.41370 E + 00) EXACT 
30 0.30 (0.49998 E + 00 -0.39631 E +00) IFD 
(0.50000 E + 00 - 0.39635 E + 00) EXACT 
40 0.40 (0.49997 E + 00 - 0.37953 E + 00) IFD 
(0.~000 E + 00 - 0.37958 E + 00) EXACT 
50 0.50 (0,49998 E + 00 - 0.36328 E + 00) IFD 
(0.~000 E + 00 - 0.36333 E + 00) EXACT 
60 0.60 (0.49998 E + 00 - 0.34753 E + 00) IFD 
(0.50000 E + 00 - 0.34756 E + 00) EXACT 
70 0.70 (0.49998 E + 00 - 0.33222 E 4- 00) IFD 
(0.50000 E + 00 - 0.33225 E + 00) EXACT 
80 0.80 (0.49999 E + 00 - 0.31733 E ÷ 00) [FD 
(0.50000 E + 00 - 0,31736 E + 00) EXACT 
90 0.90 (0.49999 E + 00 - 0.30285 E ÷ 00) IFD 
(0.50000 E + 00 - 0.30286 E + 00) EXACT 
100 1.00 (0.50000 E + 00 - 0.28872 E + 00) IFD 
(0.50000 E + 00 - 0.28872 E + 00) EXACT 
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The input runstream and user-written subroutines UFIELD, USVP, BCON and SCON are listed 
below. 
Input runstream for exact solution 
100 0.5 1500 1 0 1 100 
7.1 0.001 0 0.1 1 0.1 0 
0 1 
100 1 
--1, --1 
0 
1 
0 1 I 
0 0 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
10 
SUBROUTINE UFIELD 
***************************************************************  
*** USER STARTING FIELD 
*** USER WRITES  THIS SUBROUTINE IF GAUSSIAN FIELD NOT DES IRED 
*** UF IELD IS CALLED IF INPUT PARAMETER ISF IS NOT ZERO 
***************************************************************  
*** UF IELD SUBROUTINE SUPPL IES:  
U - COMPLEX STARTING FIELD 
***************************************************************  
PARAMETER MXLYR=I01,MXN=I0000,MXSVP=I01,MXTRK=I0] ,N IU=] ,  
C NOU=2,NPU=6 
COMPLEX ACOFX,ACOFY,BCOF,BOTX,BOTY,BTA,HNK,HNKL,SURX,SURY,TEMP,  
C U,X ,Y  
COMMON / IFDCOM/ACOFX,ACOFY,ALPHA,BCOF,BETA(MXLYR),EOTX,BOTY, 
C BTA(MXN) ,C0,CSVP(MXSVP) ,DR,DRI ,DZ,FRQ,  IHNK, ISF,ITYPEE, 
C I TYPES, IXSVP(MXLYR) ,KSVP,N ,N1,NLYR,NSVP,NWSVP,R I2 (MXN) ,RA,  
C RHO(HXLYR),RSVP,SURX,SURY,THETA,TRACK(MXTRK,2),U(MXN), 
C X(MXN) ,XK0,Y(MXN) ,ZA,ZLYR(MXLYR) ,ZP ,ZS ,ZSVP(MXSVP)  
DATA P I /3 .141592654/ ,DEG/57 .29578/  
*** STARTING FIELD FOR EXACT SOLUTION TO BURGER'S PROBLEM 
DO 10 I= I ,N  
ZI=I*DZ 
ARG=.5*XK0*( -2 .0*Z I+RA)  " 
U(1)=I .0 / ( I .0+COS(ARG)+CMPLX(0 .0 ,S IN(ARG)) )  
U(1)=.5-CMPLX(O.O,SIN(ARG))/(2.0*(I.O+COS(ARG))) 
U( I )= I .0 / ( I .0+CEXP(CMPLX(0 .0 , .5*XK0*( -2 .0*Z I+RA) ) ) )  
CONTINUE 
RETURN 
END 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
SUBROUTINE USVP 
*** USER SOUND VELOCITY  PROF ILE  SUBROUTINE 
SUBROUTINE USVP IS CALLED EACH DR IN RANGE AS LONG AS 
KSVP IS NOT ZERO. KSVP MAY BE USED BY USER TO TRANSFER CONTROL 
IN THIS  SUBROUTINE.  USER INSERTS LOGIC  TO CLEAR KSVP 
WHEN USVP IS NO LONGER NEEDED. IF KSVP NOT CLEARED BY USER, 
USVP IS CALLED EACH STEP  IN RANGE UNTIL RA = NEXT RSVP. 
******************************************************************  
*** USVP SUBROUTINE RETURNS:  
NLYR - NUMBER OF LAYERS.  LAYER I IS WATER.  OTHERS ARE SEDIMENT 
ZLYR - ARRAY - DEPTH OF EACH LAYER. F IRST  IS DEPTH OF WATER.  
RNO - ARRAY - DENSITY  OF EACH LAYER. GRAMS/CUBIC  CM 
BETA - ARRAY - ATTENUATION IN EACH LAYER. DE/WAVELENGTH 
IXSVP - ARRAY - CONTAINS POINTERS.  POINTS TO LAST VALUE OF SVP 
IN CORRESPONDING LAYER. SVP IS STORED IN ARRAYS ZSVP 
AND CSVP. IXSVP(1)  POINTS TO LAST SVP POINT  IN WATER.  
NSVP - NUMBER OF POINTS IN ZSVP AND CSVP. ZSVP AND CSVP 
CONTAIN  THE PROF ILES  FOR ALL LAYERS.  
ZSVP - ARRAY - SVP DEPTHS - METERS 
CSVP - ARRAY - SOUND SPEED - METERS/SEC 
KSVP - AS DESCRIBED ABOVE.  
******************************************************************  
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C 
C 
100 
C 
C 
C 
C 
C 
C 
C 
C 
110 
C 
200 
C 
C 
300 
C 
C 
400 
C 
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PARAMETER MXLYR=I01,MXN=10000,MXSVP=101,MXTRK=I01,NIU=I, 
C NOU=2,NPU=6 
COMPLEX ACOFX,ACOFY,BCOF,BOTX,BOTY,BTA,HNK,HNKL,SURX,SURY,TEMP, 
C U,X,Y 
COMMON /IFDCOM/ACOFX,ACOFY,A~PHA,BCOF,BETA(MXLYR),BOTX,BOTY, 
C BTA(MXN),C0,CSVP(MXSVP),DR,DRI,DZ,FRQ, IHNK,ISF,ITYPEB, 
C ITYPES,IXSVP(MXLYR),KSVP,N,NI,NLYR,NSVP,NWSVP,RI2(MXN),RA, 
C RHO(MXLYR),RSVP,SURX,SURY,THETA,TRACK(MXTRK,2),U(MXN), 
C X(MXN),XK0,Y(MXN),ZA,ZLYR(MXLYR),ZP,ZS,ZSVP(MXSVP) 
DATA PI/3.141592654/,DEG/57.29578/ 
GO TO (100,200,300,400) 
NSVP=0 
RETURN 
,KSVP 
CONT I NUE 
IF KSVP=I, CONTROL IS TRANSFERRED HERE. USER LOADS 
NLYR,ZLYR(1),RHO(I),BETA(I),  AND IXSVP(I) WHERE I=I,NLYR. 
USER ALSO LOADS NSVP,ZSVP(I), AND CSVP(1) WHERE I=I,NSVP. 
KSVP MAY BE ALTERED DEPENDING ON USER LOGIC. 
*** SVP FOR EXACT SOLUTION 
NLYR=I 
ZLYR(1)=I.0 
RHO(1)=I.0 
BETA(1)=0.0 
NSVP=I01 
DZSVP=ZLYR(1)/(NSVP-I) 
XK0=2.0*PI*FRQ/C0 
DO 110 I=I,NSVP 
ZI=(I- I)*DZSVP 
CSVP(I)=C0*SQRT(I.0+I.0/(COS(XK0*(ZI-.5*RA)})) 
ZSVP(I)=ZI 
CONTINUE 
IXSVP(1)=NSVP 
RETURN 
CONT I NUE 
*** USER INSERTS CODE HERE IF DESIRED 
RETURN 
CONT I NUE 
*** USER INSERTS CODE HERE IF DESIRED 
RETURN 
CONT I NUE 
*** USER INSERTS CODE HERE IF DESIRED 
RETURN 
END 
C 
C 
C 
C 
C 
C 
C 
C 
C 
SUBROUTINE BCON 
*** USER PREPARED BOTTOM CONDITION SUBROUTINE 
BCON IS CALLED IF INPUT PARAMETER ITYPEB = I 
SEE MAIN PROGRAM FOR DEFINITIONS 
*****************************************************************  
*** SUBROUTINE RETURNS: 
BOTY,BOTX 
***************************************************************** 
PARAMETER MXLYR=I01,MXN=10000,MXSVP=I01,HXTRK=101,NIU=I, 
C NOU=2,NPU=6 
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C 
C 
C 
50 
C 
C 
C 
C 
C 
100 
C 
C 
150 
C 
C 
COMPLEX ACOFX,ACOFY,BCOF,BOTX,BOTY,BTA,HNK,HNKL,SURX,SURY,TEMP,  
C U,X,Y 
COMMON /IFDCOM/ACOFX,ACOFY,ALPHA,BCOF,BETA(MXLYR),BOTX,BOTY, 
C BTA(MXN) ,C0,CSVP(MXSVP) ,DR,DRI ,DZ,FRQ,  IHNK, ISF, ITYPEB, 
C ITYPES,IXSVP(MXLYR),KSVP,N,N1,NLYR,NSVP,NWSVP,R12(MXN),RA, 
C RNO(MXLYR) ,RSVP,SURX,SURY,THETA,TRACK(MXTRK,2) ,U(MXN) ,  
C X(MXN) ,XK0,Y(MXN) ,ZA,ZLYR(MXLYR) ,ZP,ZS,ZSVP(MXSVP)  
DATA P I /3 .141592654/ ,DEG/57.29578/  
IF(THETA) 50,100,150 
*** THETA LESS THAN 0.0. 
CONT I NUE 
BOTY=U (N) 
BOTX=, . . . . . . . . . . . . .  
RETURN 
BOTTOM SLOPES UP. 
*** THETA = 0.0. BOTTOM IS FLAT. 
*** BOTTOM CONDIT ION FOR EXACT SOLUTION TO 
CONTINUE 
BOTY=U(N) 
ARG=.5*XK0*( -2 .0*ZA+RA)  
BOTX=I .0 / ( I .0+COS(ARG)+CMPLX(0.0 ,S IN(ARG)) )  
RETURN 
BURGER'S  PROBLEM 
*** THETA GREATER THAN 0.0, 
CONTINUE 
BOTY=. . . . . . . . . . . . . .  
BOTX=. . . . . . . . . . . . . .  
RETURN 
END 
BOTTOM SLOPES DOWN. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
100 
SUBROUTINE SCON 
*****************************************************************  
*** SURFACE CONDITION SUBROUTINE 
IF ITYPES = 0, SCON SETS SURY AND SURX = 0.0. 
IF ITYPES NOT 0, THE USER MUST SUPPLY SURY AND SURX. 
SEE MAIN PROGRAM FOR DEFINITIONS 
*****************************************************************  
PARAMETER MXLYR=I01,MXN=I0000,MXSVP=I01,MXTRK=I01,NIU=I ,  
C NOU=2,NPU=6 
COMPLEX ACOFX,ACOFY,BCOF,BOTX,BOTY,BTA,HNK,HNKL,SURX,SURY,TEMP,  
C U,X,Y 
COMMON /IFDCOM/ACOFX,ACOFY,ALPHA,BCOF,BETA(MXLYR),BOTX,BOTY, 
C BTA(MXN) ,C0,CSVP(MXSVP) ,DR,DRI ,DZ,FRQ, IHNK,  ISF,ITYPEB, 
C ITYPES, IXSVP(MXLYR) ,KSVP,N,N1,NLYR,NSVP,NWSVP,RI2(MXN) ,RA,  
C RHO(MXLYR) ,RSVP,SURX,SURY,THETA,TRACK(HXTRK,2) ,U(MXN) ,  
C X(MXN) ,XK0,Y(MXN) ,ZA,ZLYR(MXLYR) ,ZP,ZS,ZSVP(MXSVP)  
DATA P I /3 .141592654/ ,DEG/57.29578/  
IF( ITYPES.NE.0) GO TO 100 
*** PRESSURE RELEASE SURFACE 
SURY=0.0  
SURX=0.0 
RETURN 
* * * USER SURFACE COND I T I ON 
*** SURFACE CONDIT ION FOR EXACT SOLUTION TO BURGER'S PROBLEM 
CONT I NUE 
ARG=. 5*XK0*RA 
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SURX=I.0/(1.0+COS(ARG)+CHgLX(O.O,SIN(ARG))) 
KRG=.5*XK0*(RA-DR)  
SURY=I.0/(I.0+COS(ARG)+CMPLX(0.0,SIN(ARG))) 
SURY=I.0/(I.0+CEXP(CMPLX(0.0,.5*XK0*(RA-DR)))) 
SURX=I.0/(I.0+CEXP(CMPLX(0.0,.5*XK0*(+RA)))) 
RETURN 
END 
8.2. RANGE- INDEPENDENT PROBLEMS 
The selection of range-independent problems includes treatment of an isovelocity shallow water 
environment in which a horizontal interface separates the water column and seabed. 
8.2.1. Isovelocity shallow water 
This problem, published by Jensen and Kuperman [2], considers a simple isovelocity shallow 
water environment. The sound speed in the water is 1500 m/s. The water depth is 100 m, and both 
source and receiver are placed at 50 m in depth. In the bottom, the sound speed is 1550 m/s, density 
is 1.2g/cm 3, and the attenuation is 1 dB/wavelength. The source frequency is 500Hz. The 
propagation path is up to 25 km in range. 
Solutions obtained by Jensen and Kuperman, using a normal mode model (SNAP) and a PE 
sprit-step model (PAREQ) developed at the SACLANT Center (Italy), are compared with the solu- 
tion obtained with the IFD model. As shown in Fig. 8.1, all solutions are in excellent agreement. 
(Hw=lOOm} (Cw=15OOm/s) (Cs= 1550 m/s) (Ps = 1"20/cm3) (JgS = l"OdB/X) 
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Fig. 8.1. Propagation loss vs range for shallow water propagation. 
Representative est examples 375 
The input IFD runstream that produced these results is listed below. 
500 50 
25000 5 
0 100 
25000 100 
-1 ,  -1  
0 
0 
2 
100 1.0  
0 1500 
100 1500 
200 1.2 
100 1550 
200 1550 
Input runstream 
0 0 0 250 500 
50 50 5000 50 0 
- 1 .0  
1.0 
3 0 
0 0 
Note that although the bottom parameters were extended own to 200 m, the maximum depth 
of the solution was extended to 250 m as requested by the combination of input parameters ZA 
and ITYPEB. Artificial attenuation was then applied to the bottom-most 50 m as described by 
Brock [3]. 
8.ZZ Horizontal interface 
This problem, suggested by Dr H. Bucker of the Naval Ocean Systems Center in a personal 
communication, considers propagation i a region where the sound-speed profile is as depicted in 
Fig. 8.2. Source and receiver depths are 30 and 90 m, respectively. Source frequency is 100 Hz. At 
240 m in depth, the density changes abruptly from 1.0 g/cm 3 to 2.1 g/crn 3. This problem thus tests 
the IFD model's capability of treating interfaces having large density discontinuities. The seabed 
is considered lossless in this example. 
Figure 8.3 shows that the IFD predictions compare quite favorably with normal-mode theory. 
In Chapter 7, we saw that the noncommunitivity of the operators ,4and B placed restrictions, which 
depended on the sound-speed gradient, on the range step size when the split-step algorithm is used 
to solve the PE. For models using the split-step solution which are capable of treating density 
gradients uch as PAREQ [2], the step size is also dependent on the density gradient. Hence, the 
IFD method's efficient handling of strong sound-speed and density gradients and discontinuities 
is of importance. 
The input runstream that produced these results is listed below. It should be noted that the 
bottom was artificially extended to 1200 m. 
Input runstream for horizontal interface problem 
I00 
2OOOO 
0 
2OOOO 
-l, 
0 
0 
2 
240 
0 
120 
240 
512 
240 
512 
30 0 0 0 1200 600 
2 50 90 10000 50 0 
240 
240 
-1  
030  
0 0 
1.0 0.0 
- 1500 
1498 
1500 
2.1 0.0 
1505 
1505 
C.A.M.W.A. 14/$--]: 
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Fig. 8.2. Horizontal interface problem. 
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Fig. 8.3. Solution of horizontal interface problem. 
8.3. A RANGE-DEPENDENT PROBLEM 
The selection of this range-dependent problem includes treatment of depth dependent environ- 
ments, interface conditions and a homogeneous Neumann bottom boundary condition. 
In this example, the IFD model is used to propagate the acoustic field in a wedge-shaped region 
with a rigid sloping bottom as shown in Fig. 8.4. The purpose of this example is to exercise the 
optional rigid bottom boundary condition programmed in the model. For this case, the source 
frequency is 80 Hz; source depth is 15.2 m; bottom depth at the location of the source is 30.5 m; 
and the sound-speed profile is constant at 1524 m/s. The bottom is rigid and slopes downward at 
an angle of 5 °. The initial field propagated by the IFD model was generated by the method of 
images [4] and is at an initial range of 348.4 m from the source. 
Numerical results were compared with the exact solution obtained by the method of images. A 
plot of propagation loss vs range at a receiver depth of 27.4 m is given in Fig. 8.5. 
~r/~I'ING FIELD 
I -  ~.J.+m -~:~ s,,S.+m-.J 
Z 
Fig. 8.4. Shallow-to-deep water propagation, wedge-shaped region with a rigid sloping bottom. 
23•0t FREQUENCY - 80.0 Hz 
g ,o t  N - .mooo, , .~s .  
!.°t 
+:t 
Fig. 8.5. Propagation los vs ran&c, wcdp-shapcd resion with a rigid sloping bottom. 
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The initial field generated by the method images consisted of 400 points spaced at approximately 
0.15 m in depth. As the solution was marched out in range, the field was extended eeper and deeper 
until, at 100 kin, the field consisted of 5740 points in depth. 
The input runstrcam and user subroutine UFIELD which produced these results are included 
below. 
80 15.24003 
10000 10 
0 30.48006 
10000 905.38 
-1 ,  -1  
0 
0 
1 
30.48006 1.0 
0 1524.003 
30.48006 1524.003 
Input nmstream 
0 1 348.3886 60.96012 400 1 0 0 
50 0.5 5000 27 0 0 0 
0.0 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
SUBROUTINE UFIELD 
*** USER STARTING FIELD 
*** USER WRITES THIS SUBROUTINE IF GAUSSIAN FIELD NOT DESIRED 
*** UFIELD IS CALLED IF INPUT PARAMETER ISF IS NOT ZERO 
***************************************************************  
*** UFIELD SUBROUTINE SUPPLIES: 
U - COMPLEX STARTING FIELD 
***************************************************************  
PARAMETER NUU=3 
PARAMETER HXLYR=IOI,MXN=IOOOO,HXSVP=IOI,MXTRK=IOI,NIU=I, 
C NOU=2,NPU=6 
COMPLEX ACOFX,ACOFY,BCOF,BOTX,BOTY,BTA,HNK,HNKL,SURX,SURY,TENP, 
C U,X,Y 
COMMON / IFDCOM/ACOFX,ACOFY,ALPHA,BCOF,BETA(MXLYR),BOTX,BOTY, 
C BTA(MXN),CO,CSVP(MXSVP),DR,DRI,DZ,FRQ,IHNK,ISF,ITYPEB, 
C ITYPES,IXSVP(MXLYR),KSVP,N,N],NLYR,NSVP,NWSVP,R12(MXN),RA, 
C RHO(MXLYR),RSVP,SURX,SURY,THETA,TRACK(MXTRK,2),U(MXN), 
C X(MXN) ,XK0,Y (MXN) ,ZA,ZLYR(MXLYR) ,ZP ,ZS ,ZSVP(MXSVP)  
DATA P I /3 .141592654/ ,DEG/57 .29578/  
*** STARTING FIELD GENERATED BY WEDGE PROGRAM. CONSTANT SVP. 
MUST BE DIVIDED BY HANKEL FUNCTION. 
SET IHNK = I IN IFD INPUT RUNSTREAM. 
CALL ASSIGN(NUU, 'WEDGE.FLD' )  
*** BYPASS WEDGE DATA 
READ(NUU) NANG,F ,C I ,ZSA,ZSBB,RMIN,RMAX,DRR,ZMIN,ZMAX,DZZ,PHI  
*** READ WEDGE STARTING FIELD 
READ(NUU) NZ,R, (U( I ) , I=I ,NZ)  
*** NZ IS NUMBER OF DEPTHS. - SHOULD BE EQUAL TO N 
*** R IS RANGE IN FT. - SHOULD BE EQUAL TO RA IN METERS 
*** WEDGE REFERENCES TO I METER BY ADDING -20.0*ALOGI0(3 .280833)  
*** PROGRAM WHICH PLOTS IFD SOLUTION SHOULD DO SAME. 
CALL CLOSE(NUU) 
RETURN 
END 
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8.4.  WIDE-ANGLE PROPAGATION 
The IFD model with wide-angle capability is tested with this example which was extracted from 
Davis et al. [5] test Problem 3B. The environment for this case is range-independent a d consists 
of an isovelocity water column over an isovelocity bottom half-space. Parameters for the problem 
are given below: 
frequency =250 Hz; 
water depth -- 100 m; 
sound speed in water = 1500 m/s; 
density in water = 1.0 g/cm3; 
density in bottom = 1.2 g/cm3; 
attenuation i water = 0; 
bottom attenuation = 0.5 dB/~; 
bottom sound speed = 1590 m/s; 
maximum range = l0 kin; 
source depth = 99.5 m; 
receiver depth = 99.5 m; 
and 
modes = 11. 
With the source and receiver just off the bottom, the higher modes are more strongly excited, 
and all 11 modes are required for an accurate solution in the 5-10 km range interval. This, in turn, 
requires ahalf-beamwidth capability of 18.5 °. Comparisons with normal=mode results indicate that 
the fast-field program (FFP) solution shown in Fig. 8.6 is correct. 
50 T NI00E 
] ------ FF, 
.~ 70 
110 I I 
5 ~ . 5  7.0 7.5 ~J.O B'.5 9",0 9.5 10.0 
W~Nr, E (k~) 
Fig. 8.6. Comparison of Mode (SNAP) and FFP results for test case 3B. 
Two IFD solutions to test case 3B were obtained, one using Claerbout's coe~cients A -- 1, 
B -- 3/4, C = 1 and D = 1/4 (wide-angle PE), and the other using the coefficients A = 1, B = 1/2, 
C = 1 and D = 0 (standard Tappert PE). In each case, a Craussian pressure distribution and an 
artificial boundary extending to 250 m in depth were assumed. As shown in Fig. 8.7, the IFD 
solution obtained using Claerbout's coefficients differs lightly in level but, in general, is in excellent 
agreement with the FFP solution. The average level of the IFD solution to the standard PE is in 
good agreement with the FFP but the pattern of the solution is poor. 
The input runstream for test case 3B is fisted overleaf. 
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Fig. 8.7. Comparison of  wide-angle and standard PE solutions. 
WIOE-ANGLE PE 
- - - - -  STANDARD PE 
\ ' t /  
10.0 
Input runstream for test case 3B 
250 99.5 0 
10000 1 2 
1 0.75 I 
0 100 
10001 100 
--1, -1  
0 
0 
2 
100 1 0 
0 1500 
100 1500 
200 1.2 0.5 
I00 1590 
200 1590 
0 0 250 I000 0 3 0 
99.5 I000 20 0 0 0 
0.25 
For readers who intend to exercise the computer model, these four examples should help the user 
to establish is understanding of how the software is performing. The first example helps to check 
out the accuracy, the second example demonstrates a satisfactory application while the last two 
examples how the model capability to handle actual environmental phenomena. 
For computational experience in using the IFD computer code, a set of four exercise problems 
are presented below. Solutions are left for the reader. The following inputs are given in common 
for each problem: 
(1) The Gaussian subroutine (SFIELD) to generate the starting field except in 
Exercise 1; 
(2) the wide-angle coefficients (,4 = 1, B = 3/4, C = 1, D = 1/4) are to be applied 
and 
(3) a pressure-release surface condition (u = 0) is assumed. 
Additional required inputs are given within each problem. 
Exercise 1 
Given source frequency = 50 Hz, source at 300 m, receiver at 100 m, bottom depth = 400 m, 
initial range at 5 kin, maximum range at 10 kin, reference sound speed = 1500 m]s. Use Az = 1.0 
and Ar = 1.0 to propagate 6 modes, 13 modes and 20 modes, respectively. Formula (6.53) is used 
to generate the initial field. Compare the computed propagation loss values against the exact 
solution (6.53). 
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Notes. 
(1) Source of problem: G. H. Knightly, D. Lee and D. F. St. Mary. 
(2) Reference: A high order parabolic wave equation, J. acoust. Soc. Am. (1987). 
(3) Six propagating modes give an angle of propagation 11.9°; 13 modes given an 
angle of propagation 35.9 ° and 20 modes give an angle of propagation 46.9 °. 
(4) Use narrow-angie coefficients and compare results. This is a good test problem 
to demonstrate he wide-angle capability of the model. 
Exercise 2 
To obtain the propagation loss values in dB (re: free field) in the shadow of a rigid wedge (see 
Fig. 8.8 below) of included angle 152 ° (i.e. 14 ° slopes on each side) with source 3000 m from apex 
and receiver at an angular increment of 2 ° from 2 ° to 14 ° at a range of 3000 m on the other side 
of wedge apex. Give results for frequencies 12.5, 25, 50 and 100Hz in seawater of sound speed 
15OO m/s. 
SOURCE RECEIVER 
3000m 3000m 
7250rn 14" . " - - ' " - - - - - ' - - -  2" 
Fig. 8.8. Problem geometry. 
Notes. 
(1) Source of problem: H. Medwin. 
(2) Analytic, experimental nd numerical IFD solutions all agree very well. Refer* 
ence: Shadowing by finite noise barriers, J. acoust. Soc. Am. 69(4), 1061 (1981). 
(3) This is a good test of the model's capability to handle a wedge-shaped rigid 
bottom. 
(4) Hint: partial answer is " -4 .8  dB" at 12.5 Hz for a 2 ° angle. 
Exercise 3 
To obtain propagation loss values in dB in the region of propagation described by Fig. 8.9. The 
ocean is 6000 m deep with eight different sound-speed profiles at eight different ranges; three 
sound-speed profiles axe tabulated which are tadEmient tocarry out the computation ofthis exercise. 
Other input information includes: source at 2780 m with a frequency of 68 Hz, and the receiver 
placed at 130m below the surface. Use A, =4 and Ar =8. Plot the dB results at every 100m up 
to 900 nautical miles. The bottom profile is irregular and has a high peak at 1189 kin. Three 
sound-speed profiles and the bottom profile are given below and on p. 382. 
Table 8.2. Sound-qmed profile 2.1 
(at initial ranse) 
Table 8.3. Sound-~a~l profile 2.2 
(at ram8 • 739 m) 
0 1538.9 0 1533.7 
12 1538.3 I I 1533.7 
20 1538.5 114 1518.4 
200 1520.7 500 1523.9 
439 1520.6 ~ 1523.8 
900 1498.8 800 1519.6 
1000 1494. I 1100 1497.4 
1500 1493.1 1501 1493.4 
2000 1498.6 2000 1498.8 
2250 1501.7 3000 1511.9 
2503 1 504.5 4003 1526.2 
5500 1538.2 5340 1547.85 
6000 1580.0 5790 1580.0 
Depth {m) Speed (m/s) l:X, pth {m) SlXed {m/s) 
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Table 8.4. Sound-speed profile 213 
(at range 1384 m) 
Table 8.5. Bottom profile 
Range (kin) Depth (m) 
Depth (m) Speed (m/s) 287 5520 
0 I ';22.4 300 5280 
10 1522.4 339 5.500 
134 1498.3 405 5200 
210 1496.8 416 5480 
342 1480.5 596 5090 
399 1484.8 637 5360 
505 1479.2 1024 5290 
770 1483.0 I 189 3250 
1200 1486.1 1371 4600 
2002 1497.2 1482 4800 
4623 1536.2 
5073 1580.0 
Notes. 
(1) Source of problem: P. D. Herstein, P. D. Koenigs and D. G. Browning. 
(2) Reference: A further study of the space and time stability of a narrow-band 
acoustical signal in the ocean: intermediate range results, ]. acoust. So¢. Am. 
69(S1) p. $33 (1981). 
(3) This is a typical example exhibiting the ocean environment. This is a good 
problem testing the model's capability to handle range dependence in inter- 
mediate to long range propagation. 
Exercise 4 
In the area of Juan de Fuca Strait (between Canada and U.S.A., Fig. 8.10), consider a source 
at 100 m with a frequency of 50 Hz which propagates up to a range of 140 kin. Three sound-speed 
profiles (Fig. 8.11) are given at three different ranges: 30, 90 and 130 kin. Plot the propagation loss 
values in dB over the entire range for a receiver depth of ! 00 m. The bottom profile is given below. 
Use an artificial bottom. 
Table 8.6. Bottom profile 
Range (km) Depth (m) 
10 250 
2O 24O 
30 230 
4O 215 
5O 2OO 
60 180 
70 160 
80 125 
85 9O 
9O 75 
95 90 
100 140 
110 145 
150 145 
• ..' "*. ..:* '" '~ . STRAIT .~. ,- 
~ ~ , ,  ,~, ! /~  :~ % -I~l,,~J~..,',~.~- ;._%-~ " I 
"'- ,-. mv~" VIG -.'~ ~ • 
O C E A N SUp Pt. ~.  Rocks t ¢0 ~'¢~ X l" ."J'~ ~ SImfKe I 
Fig. 8.10. Juan de Fuca Strait .  
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Fig. 8.11. Three sound-speed profiles. 
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Notes. 
(1) Source of  problem: D. G. Browning, D. Lee, G. Botseas and P. D. Scully-Power. 
(2) Reference: Low-frequency sound propagat ion across a bathymetric ridge in the 
strait o f  Juan de Fuca, ,/. acoust. Soc. Am. 7~S!) ,  p. $26 (1984). 
(3) This is a realistic long range, low-frequency, range-dependent problem. 
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